Pigeon pea (Cajanus cajan) is one of the most important legumes grown in the northern province of Uttar Pradesh, India. However, its productively in Uttar Pradesh is lower than the average yield of adjoining states. During the course of the present study, a survey of pigeon pea growing agricultural fields was carried out and it was found that 80% of plants were inadequately nodulated. The study was aimed to evaluate the pigeon pea symbiotic compatibility and nodulation efficiency of root nodulating bacteria isolated from various legumes, and to explore the phenetic and genetic diversity of rhizobial population nodulating pigeon pea growing in fields of Uttar Pradesh. Amongst all the 96 isolates, 40 isolates showed nodulation in pigeon pea. These 40 isolates were further characterized by phenotypic, biochemical and physiological tests. Intrinsic antibiotic resistance pattern was taken to generate similarity matrix revealing 10 phenons. The study shows that most of the isolates nodulating pigeon pea in this region were rapid growers. The dendrogram generated using the NTSYSpc software grouped RAPD patterns into 19 clusters. The high degree of phenetic and genetic diversity encountered is probably because of a history of mixed cropping of legumes. The assessment of diversity is a very important tool and can be used to improve the nodulation and quality of pigeon pea crop. It is also concluded that difference between phenetic and RAPD clustering pattern is an indication that rhizobial diversity of pigeon pea is not as yet completely understood and settled.
Introduction
Pulses are rich sources of protein and provide a major share of the protein requirement for the vegetarian population of India. In India, about 24 million hectares of land is used for cultivation of pulses (Tilak 1993) . In the state of Uttar Pradesh, large areas are dominated by cultivation of various legume crops. The symbiosis between these plants and rhizobial species is responsible for an increase in the nitrogen content of the soil-plant system via the mechanism of biological nitrogen fixation (BNF). During a survey of legume crops in the agricultural fields around Kanpur region of Uttar Pradesh, we found that 80% of pigeon pea plants were either not nodulated or very poorly nodulated. India is a principal pigeon pea growing country accounting for approximately 90% of the total world production (Anupma Singh and Vaishampayan 2017; Bhattacharjee and Sharma 2015) . Commonly known as Arhar, in Northern India, this protein rich pulse crop has growing demand in Asia. The demand in India is significant because it can provide high quality protein in diet, especially to the vegetarian population (Bhattacharjee et al. 2013) . In India, pigeon pea ranks second, i.e., next to chickpea among pulse crops consumed as food. Although Uttar Pradesh is the biggest producer of pigeon pea in India but its average yield is lower in comparison to adjoining states viz., Jharkhand and Bihar (Ahlawat et al. 2005; Prasad et al. 2017) .
There are reports that pigeon pea nodulation in northern India is poor (Raghuwanshi et al. 1994 ); however, not much work has been done to determine the reason for this paradox. Despite the capability and efficiency of fixing the 1 3 52 Page 2 of 11 atmospheric nitrogen, the inoculation of pigeon pea with efficient rhizobial strains does not necessarily result in nodulation or yield increases (George et al. 2007) . In this region of northern India, the crop is sown at the beginning of the rainy season, when the native rhizobial population is very low, due to the severe stress imposed by the dry season. Under these conditions, the affected rhizobial population and their low numbers in the stressed soil, result in decrease in efficient nodulation (Khare and Arora 2014) . Thus the quality of grain gets deteriorated, necessitating the need for a better knowledge of ecological aspects, such as the dynamics of indigenous rhizobial populations. Moreover, there are reports of inefficiency of commercial rhizobial inoculants, particularly those having non-indigenous rhizobial strains (Gómez-Sagasti and Marino 2015; Mothapo et al. 2013) . Bioaugmentation of competent indigenous strains can be useful to enhance nodulation of pigeon pea in the fields. Applying genetic approaches for rhizobial diversity analysis will better define plant-rhizobia interactions and processes involving nodulation and nitrogen fixation and will help in development of efficient bioformulations (Mothapo et al. 2013; Arora et al. 2017) .
During the last few years, the assessment of diversity within the natural populations of rhizobia, in various regions of the world, has received considerable attention (Chen et al. 2000; Madrzak et al. 1995) . Many attempts have been made to determine the actual composition and characteristics of indigenous strains isolated from cultivated legumes (Carelli et al. 2000) . However, there is almost negligible work done on the diversity of rhizobia from diverse legume crops but having the ability of nodulation in pigeon pea. This information can be useful to develop the consortia-based bioformulations for pigeon pea and help in improving the quality and yield of grains simultaneously improving the soil. The present study was aimed to investigate the diversity of root nodulating bacteria possessing the ability to nodulate pigeon pea in Kanpur and adjoining regions (Uttar Pradesh, India), where there is a history of mixed cropping of pulses. This region is considered as the pigeon pea belt of India. A systematic approach was employed to study the symbiotic compatibility between the rhizobial isolates from various legumes and pigeon pea. Phenotypic and physiological features, patterns of intrinsic antibiotic resistance (IAR), and genotypic random amplified polymorphic DNA (RAPD) analysis were used to screen the diversity.
Materials and methods

Sampling area
Root nodules were collected from various legumes [including Cajanus cajan (pigeon pea), Arachis hypogea (groundnut), Crotoleria juncea (sunhemp), Dolichos lablab (sem), Phaseolus mungo (urd), Sesbania aculata (Deincha), Vigna radiata (mung)¸ Vigna unguiculata (lobia)], growing in 150 km 2 agriculture fields of Kanpur and adjoining areas (20°38′E and 80°21′N; temperature maximum 48 °C and minimum 1 °C), Uttar Pradesh, India in March and April (Fig. 1) . The soil types in this region are predominantly loam, clay-loam and sandy loam and the pH of the soil ranged from 7.3 to 8.5 (Table 1) . Plants were uprooted randomly and observed for the presence of root nodules.
Isolation and phenotypic characterization of root nodulating bacteria
Nodules with pink-or red-stained tissue were taken from the root system, washed with sterilized distilled water (SDW) and then dipped in 0.1% HgCl 2 for 5 min followed by washing with SDW (three times). Nodules were crushed with a sterile glass rod and resulting suspension streaked on Yeast Extract Mannitol Agar (YEMA) plates (Vincent 1970) . The plates were incubated at 28 °C for 48 h. The isolates were purified by repeated streaking on YEMA plates and maintained in 25% glycerol at − 40 °C.
Cross-inoculation experiment
Pigeon pea seeds (early maturing variety 'Bahar' from Indian Institute of Pulses Research, Kanpur, India) were dipped in 0.15% HgCl 2 for 5 min and washed thrice with SDW. Surface-sterilized seeds were germinated in 1% water agar at 28 °C for 48 h. To perform cross-inoculation experiment all the 96 isolates were grown in yeast extract mannitol (YEM) broth at 28 °C (150 rpm) up to an optical density (OD) of 0.1 (at 610 nm). Germinated seeds were dipped in the above-mentioned culture (OD 610 of 0.1) for 10 min and subsequently sowed in the pots (four seeds per pot), filled with one kg of sterilized sandy-loam soil (pH 7.24). Ten plants were analyzed for each replication and each treatment consisted of five replications. After 20 days, the plants were observed for nodulation, nodule number and nodule dry weight. Similarly, all the isolates were also checked for the ability to cause nodulation in their respective hosts (from which they were isolated).
Symbiotic nitrogenase activity was measured (after 20 days of plant growth) in situ, as C 2 H 4 evolution, according to Minchin et al. (1983) . Briefly, a segment of root with intact nodules was cut and placed in a 40 cm 3 vial filled with a 10% acetylene atmosphere and then incubated for 1 h at ambient temperature. After incubation, 250 ml gas samples were analysed for ethylene content using a column packed with 50-80 mesh Porapak T (Merck, Mumbai) in gas chromatograph (Shimadzu GC Mini Z) equipped with a hydrogen flame ionization detector. Data were subjected to analysis of variance (ANOVA) and means separated by Duncan's multiple range test (P = 0.05) using Statistical Analysis System software (SAS.8).
Phenotypic, biochemical and physiological characterization
The morphological traits of the 40 isolates (able to nodulate pigeon pea) were checked for mucous production, colony morphology and growth rate. Mucous morphology analysis was based on type, elasticity and appearance, while colony morphology parameters were diameter, form, elevation, transparency and color. The growth rates of the isolates were estimated by the colony size after 5 days of incubation time on YEMA at 28 °C (Jarvis et al. 1997) . Growth of selected isolates was also verified in YEM broth at 28 °C up to 48 h and generation time calculated. Carbon source (fructose, sucrose, lactose, galactose, maltose, inositol, raffinose, cellobiose and arabinose) utilization was checked in basal liquid medium (BLM) containing bromothymol blue indicator dye (25 mg/l) and carbon (1 g/l) (Pandey et al. 2004) . BLM (5 ml) was inoculated by log phase culture and incubated at 28 °C at 150 rpm for 4 days (Amarger et al. 1997) . Change in color from green to yellow or blue was taken as indication of respective C-source utilization. In tropical regions, it is common to find the rhizobial strains with the ability to grow in presence of 2% NaCl and also at high temperatures, and hence these two characters can serve as identification tools (Yadav and Nehra 2013; Pervin et al. 2017) . The growth of isolates was thus checked in YEM broth containing 2% NaCl and at 40 °C by taking absorbance at 610 nm after 48 h of incubation.
Intrinsic antibiotic resistance (IAR)
The selected isolates were evaluated for intrinsic resistance to antibiotics. Resistance to antibiotics (obtained from HiMedia, Mumbai) was determined in Petri plates containing 20 ml of YEMA, supplemented with chloramphenicol, gentamicin sulphate, rifampicin, streptomycin sulphate, oxytetracycline, ampicillin, neomycin and penicillin G (at concentration of 15 µg/ml) according to Sambrok et al. (1989) . The stock solutions of antibiotics were sterilized by filtration before addition to sterile YEMA (cooled to below 50 °C). Log phase culture (0.5 µl, 0.1 OD at 610 nm) was spotinoculated onto the agar surface. The plates were incubated 
RAPD analysis
For template preparation, DNA was taken from the isolates grown in YEM broth for 2 days at 28 °C by phenol-chloroform method (Maloy 1990 
Data analysis
The software NTSYSpc version 2.11 (Applied Biostatistics) was used to obtain the dendrograms. Similarity matrices of characteristics and antibiotic resistance data were calculated using the Simple Matching (SM) index and RAPD data were analyzed using Jaccard index. Clustering of the three sets of data was performed using Unweighted Pair Group Means Average (UPGMA). Shannon-Weaver's diversity indices (Shannon and Weaver 1949) were calculated considering the morphological group, determined by cluster analyses as taxa.
Results
Cross-inoculation experiment
In the present study out of the 96 isolates from the root nodules of various legumes, 40 formed nodules in pigeon pea. All the eight isolates from pigeon pea formed nodules in their host plant. Two isolates each from D. lablab and C. juncea; twelve from P. mungo, four from V. radiata and three from V. unguiculata were also able to nodulate pigeon pea. One isolate from A. hypogea formed nodules in pigeon pea. Only eight isolates from S. aculata formed nodules in pigeon pea (Table 1) . Amongst all the isolates, BTPP8, MRPP3, ACDE1 and UNGNI were found to be most effective as they displayed functionally high nodule number and weight (Table 1) . Fast growing isolates BTPP8, MRPP3 obtained from pigeon pea and ACDE1 from Sesbania, and slow growing isolate UNGNI obtained from Arachis showed high nodulation in pigeon pea. Nitrogenase activity of root nodulating bacteria were in correlation with that of nodule weight. Maximum nitrogenase activity was shown by MRPP3, followed by BTPP8, UNGN1 and ACDE1 (Table 1 ). All the isolates were able to show nodulation in their respective host. Because of their origin from root nodules of leguminous plants, ability to cause nodulation in their respective hosts and all (96) being nitrogenase positive, the isolates were considered as rhizobia. However, further study is required to ascertain the genus and species of the isolates.
Phenotypic, biochemical and physiological characterization
Isolates showing nodulation in pigeon pea were selected and morphologically characterized. Most of the isolates (33) produced colonies of size 4-7 mm and generation time of 1.12-5.13 h, whereas the remaining formed smaller colonies (1-3 mm) with generation time of 6.13-10.8 h ( Table 1) . As regards the colony characteristics, 18 isolates formed opaque colonies but they differed in color. Only 22 isolates showed production of acid from glucose. Of the isolates, 30 were able to grow well on medium enriched with 2% NaCl, while 33 isolates were capable of growth at 40 °C. All the selected isolates showed acidic reaction in medium containing carbohydrates. Fructose was utilized by 36 isolates, while lactose was used by only 9 isolates. Fast growers showed utilization of a broad range of carbon sources. Details of carbon source utilization by all the 40 isolates are mentioned in Table 1 .
Intrinsic antibiotic resistance (IAR) pattern
In general, the isolates showed tolerance to ampicillin, oxytetracycline, streptomycin, rifampicin and penicillin G. Ninety-five percent of isolates were sensitive to chloramphenicol followed by gentamicin (80%) and neomycin (77.5%). The resistance data obtained were clustered by UPGMA using the SM index and showed the formation of 10 profiles (Figs. 2 and 3) . The main characteristics of each profile were: (A) resistant to ampicillin, oxytetracycline, streptomycin, rifampicin, penicillin G and neomycin; (B) resistant to ampicillin, oxytetracycline, rifampicin and neomycin; (C) resistant to streptomycin, rifampicin, penicillin G and ampicillin; (D) resistant to ampicillin, oxytetracycline, rifampicin and streptomycin; (E) resistance to neomycin, ampicillin, oxytetracycline, streptomycin, rifampicin, penicillin G, chloramphenicol and gentamicin; (F) resistance to chloramphenicol, ampicillin, oxytetracycline, streptomycin, penicillin G and rifampicin;
(G) resistance to only rifampicin; (H) resistance to chloramphenicol, ampicillin, gentamycin, streptomycin and penicillin G (I) resistance to chloramphenicol, gentamycin, penicillin G and streptomycin; (J) resistance to neomycin, ampicillin, gentamycin, streptomycin and penicillin.
RAPD analysis
The genetic diversity of rhizobia nodulating pigeon pea was examined by RAPD. It showed variation in genome of strains isolated from different legumes. The diversity was also observed in core genome between strains isolated from same region and host plant. The isolates analyzed for RAPD analysis gave a polymorphism pattern for both the primers used. Out of the two primers taken in the study, RBa2 amplified the genomic DNA of all the isolates. The additional alleles generated by the other primer (RBa3) are not included here, as amplification was not observed in case of most of the isolates. RAPD with RBa2 generated bands of 100 to 1 kb size was more informative, resulting in 19 different RAPD patterns (Fig. 4) . The dissimilarity coefficient dendrogram generated using the NTSYSpc software revealed 19 clusters at 60% dissimilarity.
Discussion
The survey of pigeon pea crop revealed that 80% plants showed inadequate nodulation. Other researchers have also reported similar information, of insufficient nodulation of pigeon pea, from north Indian soils (Raghuwanshi et al. 1994; Sonawane et al. 2015) . All legume plants susceptible to nodulation by a rhizobial species constitute a "cross inoculation group". It is well known and documented that nodulation ability overlaps across inoculation groups (Ali et al. 2010) . In the present study, out of 96 rhizobial isolates from various legumes only 40 formed nodules in pigeon pea. Subba Rao (1980) reported that Rhizobium isolated from the nodules of Sesbania and Arachis were able to nodulate pigeon pea. Vigna and Arachis also belong to the "cowpea group" of which pigeon pea is also a member (Nautiyal et al. 1988; Somasegaran and Hoben 1994) . Sesbania also has strong affinity with the cowpea miscellany (Gaur and Sen 1979) . The area under investigation is well known for doubled-up legume technology, where a legume is intercropped with another legume and this is commonly done by involving a tall legume such as pigeon pea and other relatively short legumes such as groundnuts, soybean or cowpea (Njira et al. 2017 ). The lateral transfer of sym gene and rearrangement during the course of evolution is probably responsible for the nodulation of pigeon pea by rhizobia from diverse legume hosts. There are reports on transfer ability of sym loci across divergent chromosomal lineages in the lab and in agricultural populations (Relic et al. 1994; Wdowiak-Wróbel et al. 2017) (Fig. 4) . Thies et al. (1991) reported that individual rhizobial isolates from cowpea cross-inoculation group may not be equally infective or effective on reciprocal nodulation tests. However, these results indicate the need to check the symbiotic potential of indigenous rhizobial populations with the crop of interest so as to obtain an accurate assessment of the need to inoculate and to determine the diversity or nodulation patterns. Amongst 96 rhizobial isolates, BTPP8, MRPP3, ACDE1 and UNGNI were found to be effective as they displayed functionally exceptional nitrogenase activity corresponding to the high nodule number and weight. Several workers reported the increment in protein content of pigeon pea by inoculation with effective nitrogen fixing rhizobia (Elkheir and Osman 2011; Elsheikh and Ahmed. 2000) . The huge variation in nitrogenase activity of rhizobia is a very important observation suggesting the need of thorough investigation for bio-augmentation of fields with rhizobial strains, particularly in soils lacking with indigenous native strains. Poor quality of arhar can result in protein malnutrition in population leading to several related diseases (Alam et al. 2015) . Hence it is extremely important to enhance development of high nitrogen fixing nodules so as to increase the protein content of the pulses. To achieve this, thorough investigation of rhizobial populations' phenetic and genetic diversity is necessary.
Rhizobia, which have generation time of less than 6 h, are regarded as fast growers, whereas those with generation time exceeding 6 h as slow growers (Jordan 1984) . As reported earlier, results of present study also showed that pigeon pea plants were nodulated both by slow and fast growing rhizobial strains (Anand and Dogra 1991) . The fact that majority of strains eliciting nodulation in pigeon pea were fast growers suggests that either the native population of the rapid growing rhizobial strains (of pigeon pea) was higher at the time of root infection or that the strains were more competitive than the slow growers. Recent findings suggest that the fast-growing rhizobia are more important in N 2 fixation in sub-tropical and tropical soils than has been assumed (Boakye et al. 2016) . The results of the present study also show that most of the fast growing isolates were able to tolerate 2% NaCl. Similar results have also been reported in the earlier studies, which prove that fast growing rhizobia are more tolerant to high NaCl concentration in comparison to slow growers (Dong et al. 2017) . Rhizobia, particularly the fast growing ones and those isolated from tropical regions are not only more salt tolerant but can also grow at higher temperatures (Arora et al. 2000) as proven by the present study as well.
The colony characteristics of the isolates give varied results. These data were used for calculating a similarity matrix by means of Simple Matching index (SM), which was then clustered by UPGMA (dendrogram not shown) revealing 14 phenons, irrespective of the host and isolation sites. The presence of an active rhizosphere appears to be favoring phenetic heterogeneity in rhizobial populations. Haichar et al. (2008) suggest that legumes may contribute to stimulate and preserve rhizobial diversity and reservoir in soils.
Intrinsic antibiotic resistance pattern showed that the isolates displayed tolerance to ampicillin, oxytetracycline, streptomycin, rifampicin and penicillin G. The three profiles (A, B and D) constituted for most of the isolates (Fig. 3) . Shetta et al. (2011) ascribed the increased resistance of Fig. 3 Distribution of antibiotic resistance profile in rhizobial isolates. Profile (A) = resistant to Am, O, S, R, P and N; B resistant to Am, O, R and N; C resistant to S, R, P and Am; D resistant to Am, O, R and S; E resistance to N, Am, O, S, R, P, C and G; F resistance to C, Am, O, S, P and R; G resistance to only R; H resistance to C, Am, G, S and P I resistance to C, G, P and S; (J) resistance to N, Am, G, S and P. Where, Am ampicillin, O oxytetracycline, S streptomycin, R rifampicin, P penicillin G, N neomycin, C chloramphenicol, G gentamycin Amplification of the genomic DNA was performed using primers RBa2. Lane M, 1 kb molecular weight marker. b Dissimilarity coefficient dendrogram using RAPD patterns rhizobial strains to the presence of antibiotics in the soil as a consequence of microbial activities such as Streptomyces, above all. Further, the sampling areas are known for the history of mixed cultivation of various legumes, suggesting that as more leguminous crops are cultivated, the rhizobial populations become more competitive. The cultivation of various legumes in same area provides ecological conditions to different rhizobial groups, which acquire broad host range and competitiveness determinant traits and become successfully established (Zilli et al. 2004 ). The rhizobial isolates from diverse legumes able to nodulate pigeon pea analyzed for RAPD analysis gave polymorphism pattern. The dissimilarity coefficient dendrogram generated using the NTSYSpc software revealed 19 clusters at 60% dissimilarity. Pohajda et al. (2016) reported that indigenous rhizobial strains were mostly grouped according to the site of their origin. However, as reported by Rai et al. (2012) in present study also the clustering of isolates did not correlate with their sampling locations since isolates from same origin were included in different clusters and isolates from diverse origins were found in the same group. The impact of legumes on the genetic structure of bacterial populations within natural environments is not very well known, but a higher density of rhizobia might increase lateral gene transfer and therefore promote genomic diversity (Parker et al. 2002) . The results revealed that difference between phenetic and RAPD clustering pattern is a clear indication that pigeon pea symbiosis is not yet genetically settled.
Nodulation is frequently poor in pigeon pea in northern India, affecting grain quality and yield. The ability of pigeon pea to provide nutrient rich grain as well as increased soil nutrition can be met by procuring information on diversity of pigeon pea root nodulating rhizobia, and identifying promising genotypes to be used as inoculants to optimise their N-fixing ability. The present study reports and suggests the usage of microbial consortia using effective nitrogen fixing and nodule forming isolates such as BTPP8, MRPP3, ACDE1 and UNGNI, for enhancing nodulation and protein content of a very important pulse crop.
Conclusion
The present study contributes to the understanding of the native rhizobial population diversity nodulating pigeon pea. This will contribute to the development of future course of action for cultivation technology so as to enhance production and improve grain quality of such an important pulse crop. The study also provides important information regarding the nodulation patterns, presence or absence of root nodulating bacteria in agricultural soils and suitable strains for augmentation in rhizobia deficient soils.
